Use of precast substructure in accelerated bridge construction (ABC) has been gaining popularity due to its advantages over traditional cast-in-place (CIP) construction. When using vertical precast members (e.g., columns and piles) in bridge substructure construction, they must be connected to the adjoining members (e.g., bent cap, pile cap, and abutment) reliably. To accomplish this goal and promote ease of construction, the preformed socket connection has been suggested. This connection is established by inserting the vertical precast member inside a preformed socket in the precast adjoining member and filling the socket with nonshrink, high-strength grout. Using specimens that modeled the full-scaled connection interfaces, this paper experimentally evaluates the side shear strength of preformed socket connections with various connection parameters. Test results show that side shear mechanism in the preformed socket connections can provide significant resistance, facilitating transfer of large vertical loads. This paper also includes recommendations for the socket connections and appropriate stress limits.
INTRODUCTION

24
Accelerated bridge construction (ABC) uses innovative techniques to complete bridge and pile). Use of precast components in substructure is attractive because they can eliminate on-33 site forming and casting while overcoming challenges associated with the site constraints. When 34 using vertical precast members, they need to be designed with reliable connections to the adjoining 35 members (e.g., column-to-bent cap, column-to-pile cap, pile-to-pile cap, and pile-to-abutment 36 connections). These connections should not only be easy to construct, but also produce dependable 37 structural performance when subjected to the expected serviceability and ultimate loads.
38
Commercially available grouted splice couplers have been used to establish the connection 39 between precast columns and adjoining elements. Other techniques, involving mechanical bar 40 couplers, grouted ducts, a pocket for embedding reinforcing bars extended from precast member, 41 and a socket for embedding the end of a precast member, and unbonded prestressing tendon, have 42 also shown to be practical either through laboratory evaluation or field applications (Marsh et al.
and the ability to provide relatively large installation tolerances, with emphasis on transferring 45 high vertical loads through the connection.
46
Socket connections for vertical precast members can be constructed using two options: (1) cast adjoining member around the end of the vertical member, or (2) insert the end of vertical 48 member into the preformed socket in the adjoining member and secure the socket using grout 49 closure pour. For the second approach, the preformed socket in the adjoining member can be 50 accomplished using commercially available corrugated steel pipe (CSP) due to its low cost and 51 ready availability in different sizes. In addition to serving as stay-in-place formwork, CSP offers 52 confinement effect to the connection material while its corrugations provide a robust load transfer 53 mechanism (UDOT 2017). The preformed socket, which promotes the use of prefabricated 54 elements for the adjoining members, can be constructed with full or partial penetration (Fig. 1) . 55 With any construction option, when the vertical precast member is subjected to the design loads, 56 the socket connection should facilitate the transfer of the loads without sustaining any significant 57 sliding. As illustrated in Fig. 1a , the axial strength of fully penetrated connection depends only on 58 the side shear resistance acting along the embedded portion of the vertical member. For a partially 59 penetrated connection (Fig. 1b) , the axial load resistance can be provided by side shear and tipping 60 at the end of vertical member. While relying on both side shear and tipping can be attractive to 61 reduce the required embedment length of the vertical member, this option is not favored herein.
62
This is because the design of such a connection is more challenging due to: (a) the side shear and 63 tipping mechanisms being unlikely to be active simultaneously; and (b) sustaining a tipping 64 mechanism would require design to prevent punching failure caused by the precast vertical 65 member. Given that sufficient axial resistance can be developed over a short embedment length, it is suggested that both fully and partially penetrated connections be designed relying only on side 67 shear.
68
The side shear strength in a socket connection depends on how the connection is established.
69
The connections with cast-in-place adjoining members exhibited high side shear strength in an subjected to the high axial load. The corresponding axial load ratio was 58% based on the specified 74 properties, but the connection was not failed using a high axial load ratio.
75
Several experimental studies have also utilized preformed sockets connections for seismic 76 bridge columns, which were designed to form plastic hinges at the member ends, thereby 77 contributing to energy dissipation under seismic load. To ensure sufficient column ductility, 78 seismic columns are typically designed with a low axial load ratio (e.g., 5 to 10%). Motaref et al. 508-mm (20-in.). This test, which induced a maximum axial load ratio of 5.6%, also showed that 86 the column embedment length into the socket was adequate to fully develop the column plastic with a square column. In this test, with an axial load ratio of 14.4%, the column embedment length of only 1.0 times the column side dimension of 356-mm (14-in.) was used and a full column plastic 90 hinge was successfully formed.
91
In all of the aforementioned studies with a relatively low axial load ratio, the preformed socket 92 connection remained essentially undamaged while the plastic hinge formed in the column just 93 outside the connection. However, these results cannot be applicable to vertical members subjected 94 to high axial load ratios. Precast piles in seismic and non-seismic regions can be designed to sustain 95 as much as 40% of the axial load capacity while bridge columns in non-seismic regions can be 96 subjected to 25 to 30% of the axial load capacity. In addition, for preformed socket connections 97 that are established using CSP and grout closure pour, no guideline is available to help determining 98 the key connection parameters and side shear strength for design due to lack of investigation that 99 examined the failure modes of socket connections. To address this knowledge gap, an experimental 100 study was conducted to investigate the failure modes of side shear mechanism in preformed socket 101 connections so that the suitable vertical precast members can be designed to transfer large axial 102 load through socket connections. This paper presents the description of the experimental program,
103
test results, and recommendations established from this study.
104
PARAMETERS AFFECTING SIDE SHEAR STRENGTH
105
When a preformed socket is established using CSP and the connection is established using 
165
Based on the above descriptions, it is apparent that once a specific grout meeting the desirable 166 characteristics and commercially available standard CSPs are chosen, the side shear strength of a 167 preformed socket connection will be determined by the surface texture of the embedded member
168
and CSP-to-embedded member clearance. Therefore, the experimental investigation was 169 conducted with these two variables.
170
EXPERIMENTAL PROGRAM
171
Testing Matrix
172
A total of eight specimens were constructed to evaluate the side shear strength in preformed 173 socket connection with different surface texture for the embedded portion of the vertical member 174 and CSP-to-embedded member clearance, as detailed in Table 2 . Three types of surface textures, in.) and 51-mm (2-in.) are standard for the 13-mm (0.5-in.) and 19-mm (0.75-in.) fin depths, respectively. As a reference unit, a smooth surface specimen was also tested. Two CSP-to-180 embedded member clearance of 38-mm (1.5-in.) and 76-mm (3-in.) were chosen to be tested. To 181 investigate the influence of loading type, the first four specimens were tested using monotonic 182 loading, whereas the remaining four were subjected to cyclic loading.
183
Details of Test Specimens
184
The test specimens were designed to reproduce the interface as expected in full-sized 185 preformed socket connections, but the area of the interface region was reduced by utilizing the 186 small-sized embedded members to keep the applied vertical load to be less than 1779-kN (400-187 kips). Each test specimen consisted of a short precast column segment that was embedded in a 188 preformed socket on a precast foundation representing the adjoining member, as shown in Fig. 2a .
189
When a compressive force is applied to the top of the column segment, the side shear acting on 
205
The socket connection length was chosen to be 229-mm (9-in.), which was equal to the outer 206 dimeter of the column segment. After temporarily supporting the column segments in the sockets 207 that was preformed using CSPs, the connections were established by placing grout in the gaps values. In cyclic loading sequence, each load step was followed by unloading from a compression 254 to zero force, and reapplying the same displacement two more times.
255
EXPERIMENTAL RESULTS
256
During the tests, each specimen began to resist loads in an elastic manner, reached its 257 maximum resistance with some nonlinearity associated with its response, and then exhibited 258 considerable ductility beyond the peak strength. Following the peak strength, some softening in 259 the response was observed.
260
Failure Modes
261
Regardless of whether monotonic or cyclic was used, the specimens exhibited two failure 
293
As illustrated in Fig. 6 , the CF displacements consisted of CG displacements and GF 294 displacements. When a thicker grout closure pour was included, the vertical deformation of grout 295 (Δgrout) was also quantified. Fig. 7 describes the connection responses in terms of each component.
296
To reveal the contribution of each component, plots were created with the same scale for the axes.
297
As shown in Fig. 7a , all specimens exhibited comparable GF displacement responses before 298 reaching the peak strength. Hence, the differences in overall connection responses seen in of the specimen responses with the same connection parameters but subjected different loading types (i.e., monotonic vs. cyclic). For the specimens with the exposed aggregate finish (i.e., EG1M 315 and EG1C), no significant cumulative damage was caused by cyclic loading until the applied load 316 was increased to 667-kN (150-kips), which was approximately 50% of the peak strength. However, 317 the cyclic loading caused increased strength degradation for the specimens with deeper amplitude 318 for the column segment surface texture (i.e., F1G1M and F1G1C).
319
Force Transfer Behavior
320
The strain values measured along the longitudinal bar in the embedded column segment reflect 321 the transfer of force from the column segment to the foundation through the side shear mechanism. behavior when subjected to the loads up to 445-kN (100-kips) (Fig.9a) . When loads were further 332 increased, the force transfer took place mostly in the top half of the connections for the specimens 333 with column segments having deeper amplitude textures (F1G1 and F2G2) (Fig.9b) . In other 334 words, when subjected to high loads, the surface textures with deeper amplitude (i.e., fluted fins) 335 were more efficient in transferring the applied force through the side shear mechanism although the corresponding stiffness was earlier found to be softer. As a result, the deep amplitude surface 337 texture may be used to reduce the force transfer length.
338
DISCUSSIONS
339
Structural Performances
340
The structural performances of the specimens presented above facilitated characterization of • Considering both the structural performance and constructability, the exposed aggregate 378 finish is suggested for preparing the surface of the vertical precast member to be embedded 379 in the preformed socket. This finish can be easily accomplished using chemical formwork 380 retarder or an appropriate formliner that can ensure a similar surface texture.
• The CSP-to-embedded member clearance essentially determines the thickness of grout 
395
• Failure of a preformed socket connections subjected to an axial load can develop at the 396 embedded member-to-grout interface of at the CSP-to-surrounding concrete interface.
397
Therefore, the shear stress acting on these two interfaces shall be limited when designing However, surface roughness smaller than an amplitude of 6-mm is adequate, which can be 435 easily achieved by exposing the aggregates.
436
• The specimens consisted of the column segments with deep amplitude surface textures (i.e., 
440
• For the specimens with deeper amplitude column segment surface texture, the force 441 transfer was more efficient when subjecting to high loads due to the increased surface 442 roughness, enabling the load to be resisted over a shorter length.
443
• Exposed aggregate for embedded member surface preparation, standard CSP, and high- 
